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HIGH RESOLUTION SPECTROSCOPY OF 1,2-DIFLUOROETHANE
IN A MOLECULAR BEAM: A CASE STUDY OF VIBRATIONAL
MODE-COUPLING

Steven W. Mork, C. Cameron Miller, Laura A. Philips

Department of Chemistry, Cornell University, Ithaca, New
York, 14853-1301

Abstract

The high resolution infrared spectrum of 1,2-difluoroethane (DFE) in
a molecular beam has been obtained over the 2978-2996 cm-!
spectral region. This region corresponds to the symmetric
combination of asymmetric C-H stretches in DFE. Observed rotational
fine structure indicates that this C-H stretch is undergoing
vibrational mode coupling to a single dark mode. The dark mode is
split by approximately 19 cm-! due to tunneling between the two
identical gauche conformers. The mechanism of the coupling is
largely anharmonic with a minor component of B/C plane Coriolis
coupling. Effects of centrifugal distortion along the molecular A-axis
are also observed. Analysis of the fine structure identifies the dark
state as being composed of C-C torsion, CCF bend and CH2 rock.
Coupling between the C-H stretches and the C-C torsion is of
particular interest because DFE has been observed to undergo
vibrationally induced isomerization from the gauche to trans
conformer upon excitation of the C-H stretch.

Introduction

An understanding of vibrational interactions can provide
insight into molecular behavior, from chemical reactions to
intramolecular vibrational energy redistribution (IVR). Molecular
vibrations have been the focus of both theoretical and experimental
studies aimed at understanding the physical effects of vibrational
excitation. Spectroscopy has been a powerful tool for driving
theoretical models of vibrational energy levels. As spectroscopic

methods have attained increasingly higher resolution, simple models




for calculating vibrational energy levels, such as normal modes or
local modes, have proven insufficient to interpret experimental data.
For instance, splittings in rotational fine structure due to coupling
between different normal modes have been observed through the
development of high resolution U.V. and I.R. spectroscopic
techniques. Such vibrational mode coupling provides insight into

molecular potential energy surfaces.

Vibrational mode-coupling has been observed spectroscopically
in both the ground and the excited electronic potential surfaces.
Pyrazine, for example, has been studied extensively using
rotationally resolved electronic spectroscopy, providing a wealth of
information about vibrational interactions and energy flow in
pyrazine's excited electronic state.! Interesting vibrational behavior
is also present in the electronic ground states of molecules. de Souza,
Kaun and Perry used infrared spectroscopy to study the vibrational
mode coupling in the electronic ground state of 1-butyne.2
Subsequent studies followed in an effort to extract the abundance of
information in the rotationally resolved infrared spectrum of 1-
butyne3 as well as molecules such as ethanol* and 2-fluoroethanol
(2FE).5:6 The present study employs high resolution infrared
spectroscopy in a molecular beam to explore vibrational mode

coupling in 1,2-difluoroethane (DFE).

DFE is unique among 1,2-dihalogenoethanes, XCH2CH2X, and as
a result, has been extensively studied both theoretically’-14 and
experimentally13-24, The most stable geometry for DFE has been
experimentally determined to be a gauche conformation with an FCCF

2




dihedral angle of approximately 72°.16.18,.24 DFE is the only 1,2-
dihalogenoethane in which the gauche conformer is more stable than
the trans conformer.25 Theoretical calculations have difficulty
accounting for the stability of the gauche form of DFE.8.9 The
numerous qualitative explanations for the stability of the gauche
conformer fall into the general heading known as the "Gauche
Effect".26

DFE also exhibits dynamics that are different form other 1,2-
dihalogenoethanes. DFE has been observed to undergo a
vibrationally induced isomerization from the gauche to the trans
conformer upon excitation of its C-H stretches. This
photoisomerization was observed for DFE trapped in low temperature
Xe and Kr matrices.19:27 Although the other 1,2-dihalogenoethanes
do not exhibit this photoisomerization, several molecules have been
observed to undergo similar photoisomerization reactions including
2-fluoroethanol (2FE), ethylene glycol, 2-aminoethanol and 2-
fluoroethylamine.27-30 The mechanisms for these reactions are not
well understood. The photoisomerization of 2FE has been studied
extensively28-30 and two possible mechanisms have been proposed.
The first mechanism involves random vibrational energy

redistribution within the molecule as a result of interactions with the

surrounding matrix environment.28 The second mechanism involves

selective vibrational mode coupling between the excited vibration
and vibrations critical to isomerization.29 Mode coupling in this
second mechanism provides a specific pathway for intramolecular

energy redistribution. The photoisomerization of DFE is also thought
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to occur by one of these mechanisms. For DFE to isomerize via
selective vibrational mode coupling, the C-H stretch must be coupled
primarily to the C-C torsional mode. High resolution spectroscopy
provides a tool to measure the extent of vibrational mode-coupling

between these different vibrations.

The research presented in this paper employs high resolution
infrared spectroscopy in a molecular beam to probe the rovibrational
states of DFE in an effort to investigate vibrational interactions
within the molecule. Vibrational mode coupling between the C-H
stretch and the C-C torsion is of particular interest as the torsion is
the photoisomerization reaction coordinate. A high resolution

infrared spectral analysis of the C-H stretch is presented here.

Experimental

The DFE spectra were collected using a color-center laser,
supersonic molecular beam and optothermal detection, as described
in detail elsewhere.6 The experimental apparatus will be described

briefly here.

The color-center laser was pumped with an argon-ion pumped
dye laser and provided a tunable infrared laser beam with a spectral
resolution of approximately 7 MHz. The frequency of the infrared
beam was scanned over the 2995-2975 cm-! spectral region,
corresponding to the frequency of the symmetric combination of

asymmetric C-H stretches in DFE (MOPAC calculation). The infrared




beam was continually monitored throughout the scan using a PbSe
power detector, 750 MHz etalon and 7.5 GHz spectrum analyzer.
These devices allowed for detection and correction of laser power
fluctuations as well as nonlinearities in the frequency scan, as
described elsewhere.6 The laser beam was mechanically chopped at
168 Hz, allowing for phase sensitive detection using a lock-in
detector. The laser was focused onto the molecular beam and then
reflected through the molecular beam approximately 40 times using
parallel mirrors. Multipassing the laser through the molecular beam
decreased the spectral resolution to roughly 12 MHz but increased

the signal-to-noise by approximately a factor of 8.

The supersonic molecular beam was formed by expanding a

mixture of helium gas and DFE through a 50 pm pinhole into the first
of three differentially pumped vacuum chambers. The center of the
expansion was selected using a 500 um skimmer located
approximately 4 cm from the expansion nozzle. The molecular beam
continued into the second vacuum chamber where it was crossed
with the laser beam. A 10 mm aperture allowed the molecular beam
to continue into the third vacuum chamber where it was monitored

by a bolometer detector.

The bolometer consisted of a gallium doped silicon surface with
a 2 mm by 6 mm diamond mounted on it to increase surface area. A
2 mm diameter aperture was mounted over the diamond surface.
The bolometer was cooled to approximately 1.6 K using liquid
helium. The signal from the bolometer was sent to the lock-in

amplifier.
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DFE was purchased from Flura Corporation. The sample was
99.6% pure (by G.C.) and was used without further purification. DFE
was seeded into the molecular beam by flowing helium gas through
several milliliters of the sample located in a stainless steel reservoir
approximately 80 cm before the expansion nozzle. The helium gas
pressure was maintained at 6 psig. The reservoir and sample were
maintained at -45° C + 4° using a 95.5% carbon tetrachloride/4.5%

chloroform/dry ice slush.

The spectrum was assembled from individual 0.12 cm-1 scans,
which were linearized, and intensity normalized as described
elsewhere.6 The spacing of the 750 MHz etalon was calibrated over a
15.2463 cm-l region before and after each day's experiments using
known acetylene transitions. The transmitted frequency markers
from this etalon were used to linearize the final spectrum. A peak at
2986.23 cm-l, assigned to the 717 « 7¢7 transition, was used to
monitor bolometer sensitivity. Every 0.5 cm-l the intensity of this
transition and the laser power were measured. These measurements
provided an indication of relative bolometer sensitivity throughout
the scan. Another transition at 2986.03 cm-1 , corresponding to the
111 « 1p; transition, was monitored as well. Comparison of the
relative intensities of these two peaks allowed us to detect changes

in the rotational temperature throughout the scan.
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Results and Analysis

Spectral Assignments

Spectral assignments were made by comparing a calculated
spectrum with the experimental spectrum. Spectra were calculated
using ten molecular and spectral parameters: 3 ground state
rotational constants, 3 excited state rotational constants, 2 angles
which determine the orientation of transition dipole with respect to
the inertial axes of the molecule, the 0-0 transition frequency and
the rotational temperature. The rotational energy levels were
determined by exact diagonalization of the asymmetric top rigid
rotor Hamiltonian.3! The ground state rotational constants were held
constant at literature values32 and the remaining seven parameters
were varied to optimize the fit of the calculated spectrum to the
experimental spectrum. A modified simulated annealing algorithm
was employed to conduct the seven dimensional fit, minimizing the
difference Letween the calculated and experimental rotational
contours.33  The calculated spectrum found to best match the
experimental rotational contour is shown with the experimental
spectrum in Figure 1. The best fit was attained with a vibrational
transition that is A-type and C-type in a ratio of approximately
12:88, respectively. The average rotational temperature for the
contour was found to be 8.1 K. The rotational constants are
presented in Table 1. The similarity between the ground and excited
rotational constants implies that the excited vibrational state
equilibrium geometry is similar to the geometry of the ground

vibrational state.




Close inspection of the experimental spectrum revealed
splittings in the rotational fine structure when compared to the
calculated spectrum. The splittings consisted primarily of doublets
located about single transitions in the calculated spectrum. Of the
293 assigned multiplets, there are 23 singlets, 260 doublets, and 10
triplets (see Table 2). The splittings were determined to be the

result of vibrational mode coupling.

Vibrational mode coupling is a means by which rotational
states in one zeroth-order vibration can combine with the rotational
states in other zeroth-order vibrations. In the case of DFE, the
zeroth-order vibrations are defined by the normal mode vibrations.
Within the zeroth-order approximation a single bright state is
defined as having a large transition probability with the ground
vibrational state. The bright state for this spectrum of DFE is the C-H
stretch. A dark state is defined as having negligible transition
probability with the ground vibrational state and is usually
composed of overtones and combinations of lower frequency
vibrations. Mode coupling between the bright state and one or more
dark states produces two or more rotational eigenstates in the
vicinity of the zero-order bright state. Our calculated spectrum

represents rovibrational transitions to the zeroth-order bright

rotational states in the C-H stretch.

The experimental spectrum represents transitions to the actual
molecular eigenstates of DFE. As a result, multiplets appear in the

vicinity of each zeroth-order calculated peak. Quantum numbers
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were assigned to the experimental multiplets using the assignments
from the corresponding calculated transitions. In total, 80% of the
peaks with an intensity 2 10% that of the most intense peak have
been assigned34. Vibrational mode coupling was confirmed by
examining transitions which terminate in identical excited states and
originated in different ground states (e.g. P and R transitions to the
same state). Such pairs of transitions were found to have equivalent
frequency and intensity patterns. These comparisons were also used

to confirm quantum number assignments to experimental peaks.
Mode-Coupling Pictures

We examined two possible vibrational mode coupling pictures
in DFE. The difference between these two pictures is in the nature of
the dark state coupling to the C-H stretch. The C-H stretch can be
coupled to either a dark vibration containing few or no C-C torsional

quanta, or to a dark vibration containing significant torsional quanta.

The torsional potential for DFE can be defined using a Fourier
series expansion as follows:
VvV =(172) ilvi(l - cos(i®)) Eq.1
i=
The values of V1= -740 cm-1, V2= -980 cm-! and V3= -1170 cm-1
where 8= C-C torsion angle were taken from reference 16, having
been chosen so as to reproduce the experimentally determined

characteristics of the potential surface. The two equivalent gauche

conformations for DFE are separated by a 2200 cm-! barrier on this




potential surface. Tunneling splitting between the two gauche
potential wells results in symmetric and antisymmetric torsional
states. The splitting in the ground torsional state is very small,
unresolvable even in microwave spectra.!6-18 Therefore, the ground
torsional energy level is essentially degenerate. States containing
significant quanta of torsion experience much larger tunnelling
splitting. The magnitude of the splitting in the coupled dark state

distinguishes one mode coupling picture from the other.

The first possible mode coupling picture involves a dark state
containing little or no torsional quranta, and therefore the symmetric
and antisymmetric dark states are essentially degenerate. The
bright state consists solely of the C-H stretch fundamental so it is also
degenerate. When vibrational levels are doubly degenerate, the
rotational levels must also be doubly degenerate. Coupling can occur
between bright and dark rotational states of like symmetry.
Symmetric states, however, cannot mix with antisymmetric states.
The result of coupling between two such states is shown
schematically in Figure 2a. This first mode coupling picture produces
four rotational eigenstates -- two doubly degenerate energy levels
for each bright state rotational level. This mode coupling picture
would produce an experimental rovibrational spectrum containing

two transitions for each calculated transition.

The second mode coupling picture involves coupling to a dark
state containing significant torsional quanta. The coupling scheme
for this picture is shown in Figure 2b. Note that the symmetric and

antisymmetric dark states are no longer degenerate. This vibrational
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moude coupling picture produces four molecular eigenstates, each of
unique energy, for each rotational bright state. The rovibrational
spectrum produced with this picture would contain four peaks for
each calculated zero-order transition. The two vibrational mode
coupling pictures were examined in an effort to reproduce the

rotational fine structure observed in the experimental spectrum.
Rotational Splittings

The doublets in the experimental rotational fine structure
display intriguing splitting and intensity patterns. For example, the
Q-branch transitions with K3=0 show a decrease in doublet splitting
as the energy of the excited state increases.35 The doublet splittings
decrease until the splitting cannot be resolved with our spectral
resolution. At higher excited state energies, the doublet splittings
are resolved once again. Throughout the variation in splitting, the
relative intensities of the doublet pairs remain approximately equal.
Part of the progression for Kg = 0 is shown in Figure 3. A similar
trend occurs in Q-branch transitions for Ka=1 Shown in Figure 4 is a
plot of the doublet splittings versus excited state energies for the
Ka=0 and Ka=1 progressions. Transitions with higher K, values
display an opposite splitting behavior. The doublet splittings for
higher K,'s, in general, increase and then decrease with progressively
higher excited state energies. The relative intensities of the doublet
pairs once again remain equal. A plot of doublet splittings versus
excited state energy for the Ky=3,4,5 progressions is shown in Figure
5. This unusual splitting behavior was used to test the two mode

coupling pictures described above.
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Calculated Rotational Splitting

The two mode coupling pictures were examined to see which
was capable of reproducing the splitting behavior observed
experimentally. The mode coupling picture involving degenerate
symmetric and antisymmetric dark states is discussed first. This
first mode coupling picture is expected to produce two transitions for
each zeroth-order transition, as observed. The bright and dark states
are assumed to have slightly different rotational constants, since the
equilibrium geometries for these modes will not be identical. The
different rotational constants produce different rotational lcvel
spacings in the bright vibration than in the dark vibration. The
different spacings bring about a tuning and detuning of bright and
dark rotational levels as one progresses to higher rotational levels

(see Figure 6).

As a degenerate bright rotational level approaches a
degenerate dark rotational level the spacing between the two
resulting eigenstate levels decreases as shown in Figure 7. The
minimum eigenstate spacing occurs when the bright and dark
rotational levels are degenerate. The spacing once again increases as
the bright and dark levels diverge. The tuning and detuning of
degenerate bright and dark rotational states can produce a general
doublet splitting pattern similar to that observed in the Ko=0 and
Ka=1 doublet progressions. The peak intensities within each doublet,
however, are dramati. ally different than that observed

experimentally. A calculation was performed in an attempt to
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reproduce the doublet spacing and intensities as observed in the
Ka=1 progression. The smallest doublet spacing observed in the Ka=1
progression was reproduced with the bright and dark levels
degenerate. These peaks were equal in intensity36 as observed
experimentally. Maintaining a constant coupling matrix element, the
intensities of the doublet peaks were calculated for the eigenstate
spacing experimentally observed for the 139 excited rotational state.
Experimentally, these peaks were of equivalent intensities. The
calculated doublet intensities, however, were in a ratio of §26:1.
Allowing the bright state to couple to more than one dark state could

not resolve these discrepancies.

The second vibrational mode coupling picture, that involving a
dark state with significant torsional quanta, was also examined. As
mentioned above, this picture would produce four spectrally
resolvable transitions for each calculated bright state transition. Two
of the four transitions are generally much more intense than the
other two (see Figure 8). One of the two intense peaks corresponds
to excitation of an eigenstate with predominantly symmetric bright
state character while the other intense peak corresponds to
excitation of an eigenstate with predominantly antisymmetric bright
state character. These intense peaks are located near the frequency
of the zero-order bright state transition and are as much as several
orders of magnitude more intense than the smaller two transitions.
It is reasonable to assume that the two smaller peaks could
disappear in the baseline noise some distance from the bright state

leaving only the more intense "doublet” visible.

13
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Once again it is assumed that the bright and dark states are
described by different rotational constants. As a result, the bright
rotational energy level varies with respect to the position of the dark
rotational levels as one increases energy as shown in Figure 6. In
this coupling picture, minimal splitting occurs in the intense doublet
when the bright state level is far from the dark state levels. Splitting
increases as the bright state approaches a dark state level as shown
in Figure 9. The parabolic splitting behavior of the experimental
Ka=0 and Ky=1 progressions is reproduced by tuning the degenerate
bright rotational state level between the symmetric and
antisymmetric dark rotational states. Minimal splitting occurs in this
parabolic splitting pattern when the bright state is midway between
the dark rotational states. Moreover, the two large peaks remain
nearly equal in intensity throughout this progression. The intensities
calculated for the 119 doublets were found to have relative

intensities of 1.008:1, in excellent agreement with the experimental

value.

The patterns observed for doublet progressions of higher K,
values are also accurately modeled using the second coupling picture.
As the bright state level tunes over the energy of one of the dark
states, the doublets first increase in splitting as the bright and dark
states approach each other, then decrease as the states diverge. The
plot of splitting versus energy produces an inverted parabola. The
intensities of the doublet partners once again remain nearly equal

until the bright and dark state levels are nearly degenerate.
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When the energy of the bright state level is exactly degenerate
with a dark state the splitting is unique. One transition is much more
intense than the other three. Two of the remaining transitions are of
equal intensity, being comprised of what was one of the intense
doublets and one of the two small satellite peaks. The remaining
transition is still weak and remains within the baseline noise. This
degenerate situation would produce a triplet in the experimental
spectrum located at the frequency of the calculated bright state
transition. The triplet should occur in the vicinity of large doublet
splittings, since the doublet splitting increases as the bright and dark
state levels approach each other. The few triplets observed in our
DFE experimental spectrum occur near large doublet splittings, at

what is the crest of an inverted parabolic pattern.

The vibrational mode coupling picture with non-degenerate
symmetric and antisymmetric dark states accounts for not only the
general experimental doublet splitting patterns but also the intensity
patterns. Further evidence of the accuracy of the model is found in
the predictions of the triplet locations observed in the experimental
spectrum of DFE. We conclude that the C-H stretch of DFE is couplgd
to a single dark vibration which contains enough torsional quanta to
split its symmetric and antisymmetric dark states by more than our

spectral resolution.
Computational Methods

A theoretical model was implemented to simulate vibrational

mode coupling from a degenerate bright state to a split dark state in
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an effort to reproduce more precisely the splitting and intensity
patterns found experimentally in the DFE spectrum. Within this
model, the bright states are not allowed to interact with each other
nor are the dark states. One bright state couples strictly with the
lower energy dark state while the remaining bright state couples
strictly with the higher energy dark state. The Hamiltonian of this
model reduces to two independent 2 x 2 matrices. The diagonal
components of each matrix include one dark state and one bright
state frequency and the off-diagonal terms are the coupling elements
between the given bright and dark states. Diagonalization of these
two matrices yields the positions for the four corresponding
eigenstates. The peak intensities were calculated as specified in

reference 36.

The spacing of the symmetric and antisymmetric dark states
was varied as was the coupling matrix element in an effort to
reproduce the experimental doublet splitting patterns. Shown in
Figure 10 is the calculated and experimental splitting patterns for
Ka=0. The calculated curve in Figure 10 used a coupling matrix
element of 0.055cm-!, a dark state separation of 28.6 cm! and a
lower energy symmetric dark state 1.9 + 0.3 cm-1 below the excited
Ooo rotational state. The error bars on the plot represent the 0.0004
cm-1 experimental resolution of our spectrum. The initial slope of
the calculated curve is largely dependent upon the coupling matrix
clement and adequately fits the experimental data points. Towards
the minimum of the calculated curve, where the bright state energy

level is further from the dark state, the magnitude of the dark state
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separation becomes more critical. The calculated fit is less accurate
in this region. The width of the dark state spacing for the K,=0 fit
was defined largely from information obtained in fitting the Ky=1
doublets and will be discussed in more detail in the next section.
Two of the experimental data points display large deviations that are
not predicted by the model. This anomalous behavior is not
currently understood. The Ky=1 doublets have two different splitting
patterns depending on the value of K. in the excited state. Shown in
Figure 11 is a plot of the experimental doublet splittings for the two
Ka=1 Q-branch progressions as well as the calculated fits to each
pattern. For both fits the dark states were separated by 25 cm-! and
the symmetric dark state was located 0.1 £ 0.5 cm-! below the
excited Ogo rotational state. The coupling matrix element is 0.055
cm-! for the pattern where K.=(J-K,) and 0.07 cm-1 for K;=(J-Ka+1).
The splitting patterns for the remaining K, progressions have not

been reproduced at this point.

Discussion

Analysis of the rotationally resolved infrared spectrum of the

C-H stretch in DFE suggests that vibrational mode coupling is the
cause of the observed spectral fine structure. Other features of the
DFE spectrum provide additional information about the potential
surface of this molecule. In particular, we will address the following
points: the K, dependence in the doublet splitting patterns; the
identity of the coupled dark state; the coupling mechanism; and the
implications of the vibrational mode coupling for both the molecular

structure and the photoisomerization reaction of DFE.
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Ka Splitting Dependence

Insight into the K, dependence in the doublet splitting patterns
is obtained by examining the effects of molecular rotation on the
torsional potential. DFE is a near symmetric top with ¥ =-0.905.
Thus, the K quantum number has physical significance as a nearly
good quantum number. The molecular A-axis lies nearly coincident
with the C-C bond in DFE. Therefore, increased values of K,
correspond largely to an increase in rotation about the C-C bond. The
effects of centrifugal distortion would cause the substituents on
opposite carbons to become closer together with increased K, values.
As the two fluorines get closer the increased F--F interaction would
produce an increase in the gauche-gauche rotational barrier,
corresponding to a decrease in tunnmeling splitting in the torsional
energy levels. Therefore, an increase in Ky would cause a decrease in
symmetric and antisymmetric dark state spacing, manifested as an
increase in the energy of the symmetric state and a decrease in

energy of the antisymmetric state.

The change in energy of the dark states due to A-axis
centrifugal distortion can be observed in the spectrum of DFE. The
doublet splitting pattern for K,=0 indicates that the symmetric dark
state is 1.9 £ 0.3 cm-! below the Ogg excited rotational state, as
described above. When K,=1 the symmetric dark state is located 0.1
+ 0.5 cm-1 below the Ogp excited rotational state. The few triplets
assigned in the experimental spectrum have K,=2 and are found

where the doublet splitting appears to be at a maximum, the point
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where the bright state becomes degenerate with a dark state, as
expected. The location of the triplets indicate that the symmetric
dark state is approximately 8.3 cm-! higher in energy than the Ogg
excited state for Ka=2. Triplets also indicate that the energy of the
antisymmetric dark state is 13.1 cm-l higher in energy than the Ogg

excited bright rotational state for K;=2. The K3=3 progression

similarly appears to represent a bright state tuning over the
symmetric dark state. At K;=3, the symmetric dark state is
approximately 17 cm-1 higher in energy than the Ogg excited
rotational state. In these doublet progressions, the energy of the
symmetric dark state increases as a function of K. This observation
is consistent with a decrease in the tunneling splitting as a function
of A-axis rotation. As the dark state tunneling splitting becomes
smaller, the tuning of the bright state energy samples more of the
energy below and above the two dark states and less of the energy
between them. As a result, the doublet splitting patterns for higher
Ka's reveal an inverted parabolic behavior as the bright state
approaches both dark states and then tunes beyond both dark states.
Thus, the experimental data supports the conclusion that centrifugal
distortion is responsible for the K, dependence in the splitting

patterns.

The 1.8+ 0.8 cm-! change in symmetric dark state energy was
used to determine the dark state spacing for the K,=0 splitting
patterns. The increase in symmetric state energy is expected to be
the same as the decrease in dark state energy because tunneling

splitting is symmetric about the unperturbed K,=0 energy level. The
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dark state tunneling splitting was determined to be 25 cm-! for the
Ka=1 progressions from the experimental doublet splittings.
Therefore, the splitting for the K,=0 dark states was concluded to be
28.6 cm-1. This is the splitting used in fitting the splitting patterns
for Ka=0.

Identification of the Coupled Dark State

The doublets in the rotational fine structure indicate that the C-
H stretch is coupled to a single dark vibration. In identifying the
particular dark vibration coupled to the C-H stretch, three criteria
must be met. First, the vibrational symmetry of the dark mode must
be identical to that of the C-H stretch. DFE belongs to the C2 point
group which contains only two symmetry classes, A and B, with the
C-H stretch being B-type. Therefore, the coupled dark mode must
also be of B-type symmetry. Second, the dark vibration must contain
enough torsional quanta to account for the 28.6 cm-! spacing
between symmetric and antisymmetric states for Ka=0. Finally, the
symmetric state of the coupled dark vibration must lie
approximately 1.9 cm-! lower in energy than the excited Opo
rotational state as observed in the K,=0 splitting progression. The
0o rotational state energy corresponds to the center frequency of
the C-H stretch band, 2986.44 cm-l, placing the symmetric dark state
at 2984.5 cm-l. The identities and energies of the dark vibrational
states neighboring the C-H stretch were determined using a simple
state counting algorithm to see which states met these three
requirements. Seventeen of the molecular vibrations were treated as

oscillators with a 2% anharmonicity and the 18th vibration, the C-C

20
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torsion was treated as a hindered rotor. The fundamental
frequencies for the 17 oscillators were taken from reference 15. The
torsional potential used in the hindered rotor calculation is the
potential given in Eq.1. By using this Fourier potential in the state
counting calculation, the torsional coordinate is treated as
independent of the other vibrations in the molecule. The Fourier
potential produces a 24 cm-! tunneling splitting between the 15th
and 16th energy levels, suggesting that the symmetric dark state
must contain 15 quanta of C-C torsion. 373 vibrational states were
found in the 2965-3000 cm-! frequency region, corresponding to a
density of 11 states/cm-1. Of these states, only one came close to
meeting the three criteria for the coupled dark vibrational mode.
This state is composed of 1 quantum of CH2 rock (B-type symmetry),
4 quanta of CCF bend (A-type symmetry) and 15 quanta of C-C
torsion (A-type symmetry), and has an energy of 2985.87 cm-l.
Similar calculations were done using 0% and 4% anharmonicity in the
17 oscillator vibrations. The calculation with 0% and 4%
anharmonicity produced no states which reasonably met all three

requirements for the coupled dark state.
Vibrational Coupling Mechanism

The spectrum provides insight into the mechanism by which
the bright and dark states are coupled. There are at least two
coupling mechanisms present. The dominant mechanism is
anharmonic coupling. Anharmonic coupling is evident in the fact
that the Opo excited rotational state is split by 0.00182 cm-l. A

rotationally dependent coupling mechanism would not cause coupling
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in the Ogo rotational state. Anharmonic coupling is further confirmed
in that each bright rotational state is coupled to only one rotational

state in the symmetric and antisymmetric dark vibrations.

The second coupling mechanism is a rotation-vibration
mechanism. The experimental spectrum has evidence of a minor
component of Coriolis coupling in the B/C plane of DFE. The
calculated fits to the two experimental splitting patterns where Ka=1
required identical parameters except for coupling matrix elements.
The data for Ka=1, Kc=(J-K,) are fit with the same coupling matrix
element as the data for Kya=0, K.=(J-Kj,), indicating the lack of
significant A-axis Coriolis coupling. In contrast, the data for Ky=1,
Kc=(J-Ka+1) requires a larger coupling matrix element in calculating a
fit to the doublet splitting pattern. Assuming that J is a good
quantum number and K, is nearly a good quantum number, the
increase in coupling matrix element corresponds to a reorientation of
a small component of angular momentum in the molecular B/C plane.
With these observations, the increased coupling matrix element must
be due to a Coriolis-type coupling in the B/C plane. Such Coriolis
coupling must generate different coupling matrix elements for each
doublet within any given doublet progression. The fact that the Ka=1
data is fit well when Coriolis effects are neglected suggests that the

B/C Coriolis coupling is a secondary perturbation.
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Molecular Structure and Photoisomerization

A comparison of DFE and 2-fluoroethanol (2FE) is useful to
better understand the ramifications of vibrational mode-coupling in
molecular structure and photoisomerization dynamics. In both
molecules, high resolution spectroscopy demonstrates that the C-H
stretch is coupled to the C-C torsion coordinate. The average coupling
matrix element in 2FE is 0.003 cm-1, as compared to the matrix
element for DFE, measured in the present study to be 0.055 cm-l. In
2FE the bright state couples to numerous other dark states and as a
result, the coupling matrix element varies from 0.0004 to 0.009 cm-!
depending on the identity of the dark state. The difference in the
magnitude of the coupling could result from the difference in the
nature of the physical interactions which stabilize the gauche
conformer in the two molecules. In 2FE, the gauche stabilization is
the result of an attractive interaction between the C-F bond dipole
and the O-H bond dipole, which are nearly anti-parallel. In DFE the
gauche stabilization is caused by a gauche effect which is much
weaker. In 2FE the bond-dipole attractive interactions could restrict
the torsional motion, making it less available to couple to the C-H
stretch. The relative energies of the gauche and trans conformers
have proven difficult to measure accurately by experiment,
particularly in the gas phase. One exception is a gas phase NMR
measurement of 280 cm-! for the energy difference for DFE
conformers.20 High level ab initio calculations are in reasonable
agreement with this value for DFE (224-273 cm-!)7 and predict an
energy difference of 710-784 cm-1 for 2FE37,
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Both DFE and 2FE have been observed to photoisomerize in low
temperature matrices. A great deal of interest has focused on the
role of vibrational mode-coupling in the photoisomerization of both
molecules. Mode-selective vibrational coupling to the reactive
coordinate has been proposed to be an important component of the
reactive mechanism for photoisomerization in 2FE.29 The larger

coupling present in DFE could be manifested in the reaction rate for

photoisomerization. It is important to examine, however, the nature
of the dark states participating in the mode-coupling. In 2FE, many
of the numerous dark vibrational modes coupled to the bright state
have enough torsional quanta to be above the barrier to
conformational isomerization. In contrast, the dark state coupled to
the C-H stretch in DFE contains 15-16 torsional quanta, placing the
dark state 100 cm-! below the top of the gauche-trans potential
barrier. Nevertheless, it is possible that vibrational mode coupling
plays a role in the photoisomerization of DFE. Comparison of the
relative reaction rates for photoisomerization of 2FE and DFE are
virtually impossible because the literature matrix studies for the two
molecules have been performed under very different experimental
conditions. Careful examination of the photoisomerization of 2FE and
DFE under the same conditions in low temperature matrices would be
invaluable in determining the relationship between mode-selective

vibrational mode-coupling and photoisomerization reaction rates.
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Conclusions

High resolution infrared spectroscopy of DFE has presented
some valuable insights into the structure and dynamics of this simple
organic molecule. Analysis of the rotational structure in the
transition composed of the symmetric combination of asymmetric C-
H stretches revealed that the equilibrium geometry for the excited
vibration is very similar to the gauche ground state geometry. The
rotational fine structure indicates that this C-H stretch is undergoing
vibrational mode coupling to a combination mode containing many
quanta of torsional enmergy. The combination mode is split into
distinct symmetric and antisymmetric energy levels as a result of
tunneling between the two gauche conformers of DFE. From the
rotational fine structure in the spectrum it was possible to determine
the identity of the dark state. The nature of the coupling between
the C-H stretch and the symmetric and antisymmetric combination
modes appears to be largely anharmonic. A minor additional,
rotationally dependent coupling was also detected. This minor
coupling is suggested to be caused by Coriolis coupling in the

molecular B/C plane.

The strength of the coupling between the C-H stretch and a
highly excited torsional mode has implications for both the structure
and dynamics. Compared to 2FE, the intramolecular attractive
interactions which stabilize the gauche conformer are smaller in DFE.
Concomitantly, the mode-coupling to the torsion is stronger. The
correlation between stabilization energy and mode-coupling supports

the idea that the attractive interactions hinder the mode-coupling by
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locking the conformational structure in place. The comparison of the
mode-coupling to the reaction rates for DFE and 2FE await further

matrix experiments.
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33.
34.

35.

36.

37.

. Average value of rotational constants taken from microwave
values in references 16, 17, 18.

J. Hjortshgj and L. A. Philips, (J. Mol. Spect., accepted).

A complete listing of assigned transitions may be obtained from
PAPS.

The excited energy levels determined through exact
diagonalization of asymmetric rotor Hamiltonian using program
(asym82) written by A. Maki and furnished to us by G. T. Faser,
N.L.S.T., Gaithersberg, MD, 20899. Ground state rotational
constants taken from literature as cited in reference 32. Excited
state rotational constants determined by simulated-annealing fit.

Eigenstate energies were determined through the diagonalization
of a 2x2 Hamiltonian matrix with diagonal elements
corresponding to bright and dark state frequencies and off
diagonal elements corresponding to the coupling elements. The
eigenstate transition intensities were normalized to unity and
calculated as shown below:

Ink(1) = (Freq(bright state) - Freq(eigenstate(2)))
K1) = (Freq(eigenstate(1)) - Freq(eigenstate(2)))

Int(2) = (1 - Int(1))

K. B. Wiberg, M. A. Murcko, J. Mol. Spect. (Theochem), 163, 1
(1980).
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Figure Captions

Figure (1)

The experimental spectrum and best calculated spectrum are
shown as bar graph plots. Each bar corresponds to a frequency and
intensity of a peak in the spectrum.

Figure (2)

a) A diagram representing the coupling between a
degenerate bright rotational level and a degenerate dark rotational
level is shown. The symmetric states are represented by black bars
and the antisymmetric states are represented by striped bars. The
coupling results in two doubly degenerate eigenstate levels.

b) A diagram representing the coupling between a
degenerate bright rotational level and a non-degenerate dark
rotational level is shown. Once again, the symmetric states are black
and the antisymmetric states are striped. The coupling results in
four rotational eigenstates, each of unique energy.

Figure (3)

A section of the Q-branch progression for K3=0 is shown with a
bar-graph plot of the calculated spectrum. Each transition in the
calculated spectrum is labeled with quantum number assignments
(Jka,kc). Note the spacing of the experimental doublets decreases
with increasing J, yet the intensities of the doublet partners remain
nearly equal.

Figure (4)

The experimental doublet spacings are plotted as a function of
the excited state rotational energy for the Ky=0 and K,=1
progressions. Error bars represent the experimental 12 MHz spectral
resolution. Note the initial decrease and subsequent increase in
splitting as the excited rotational energy increases.
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Figure (§)

A plot of the experimental doublet spacings versus excited
state rotational energy is shown for the K;3=3,4,5 progressions. Error
bars represent the experimental 12 MHz spectral resolution. Note
the initial increase and subsequent decrease in splitting as the
excited rotational energy increases, in contrast to Figure (4).

Figure (6)

Vibrational manifolds defined by different rotational constants,
and therefore composed of rotational levels with different energy
spacings, are shown diagrammatically in the figure. Rotational states
with identical rotational quantum numbers in the two vibrations
tune and detune with each other as one increases energy.

Figure (7)

Shown schematically are the expected splittings for three
coupling scenarios using degenerate bright and dark rotational levels.
Above are the relative spacings of the zeroth-order rotational levels
and below are the expected spectral splittings. Striped bars
represent antisymmetric states and solid bars represent symmetric
states.

Figure (8)

Shown schematically are the expected splittings for five
coupling scenarios using a degenerate bright level and non-
degenerate dark rotational levels. Above are the relative zeroth-
order state spacings and below are the expected spectral splittings.
Striped bars represent antisymmetric states and solid bars represent
symmetric states.

32




rxd

Figure (9)

A plot of the spacing of the "doublet” as a function of bright
and dark state spacing. The plot is discontinuous when the bright
state is degenerate with a dark state because at that point a triplet is
formed with two peaks of identical intensity split by a single more
intense peak. Striped bars represent antisymmetric states and solid
bars represent symmetric states.

Figure (10)

The dots represent experimental doublets for Ka=0. The solid
curve represents the expected splitting behavior assuming a coupling
matrix element of 0.055 cm-1, a dark symmetric and antisymmetric
state spacing of 28.6 cm-l and a symmetric dark state energy 1.9
cm-1 below the bright state Ogg energy.

Figure (11)

The squares represent experimental doublets for Kq=1. The
solid curve represents the expected splitting behavior assuming a
coupling matrix element of 0.055 cm-!, a dark symmetric and
antisymmetric spacing for 25 cm-1 and a symmetric dark state
energy 0.1 cm-! below the bright state Opo energy. The dashed curve
represents the expected splitting behavior assuming the same
parameters as the solid curve except the coupling matrix element,
which is 0.07 cm-1.
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Table Captions
Table (1)

The parameters for the best simulated-annealing fit to the
experimental rotational contour using a rigid rotor model.

Table (2)

The first three columns present the rotational quantum
numbers for the assigned excited state. The second column presents
the average doublet splitting for transitions to that excited state. The
last column indicates how many different assignments were made to
that particular rotational state.
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Calculated Fit Parameters

A"=0.57781cmi! A'=0.57779 cm’

B" = 0.16722 B' = 0.16690
C" = 0.14619 C' = 0.14633
— 0.3515 _

Ha V. = 2986.44 cm.

W= 0.9362
M= 0.0000

T =81K




 §
q Avgrggc Avgrggc Av'erggc

J° Ka® Kc® Splitting N J° Ka® Kc" Splitting N J° Ka® Kc" Splitting N
0 0 0 0.0018 2 5 1 4 0.0006 7 7 3 5§ 00021 3
1 0 1 0.0015 4 S 1 5 0.0009 6 7 5 2 0.0021 3
1 1 0 0.0048 S S 2 3 0.0030 6 7 5§ 3 0.0021 3
1 1 1 0.0053 4 5 2 4 0.0061 4 8 0 8 0.0001* 4
2 0 2 00012 5 5 3 2 0.0004 4 8 1 7 0.0001* 6
2 1 1 0.0031 7 s 3 3 0.003 3 8 2 6 --T-- 2
2 1 2 00037 6 s 4 1 0.0005 2 8§ 2 7 00032 3
2 2 0 00026 4 5 4 2 0.0005 2 8 3 5 00032 2
2 2 1 0.0026 4 s § 0 0.0009 3 8§ 3 6 00033 2
3 0 3 00009 s 5 § 1 0.0009 3 8§ 5 3 00012 3
3 1 2 00014 7 6 0 6 0.0003 4 8 5§ 4 00012 3
3 1 3 00024 6 6 1 5§ 0.0003 7 9 0 9 0.0029 4
3 2 1 0.0027 7 6 1 6 0.0029 3 9 1 8 0.0006 S
3 2 2 00025 5 6 2 4 -~T-- 5 9 1 9 0.0006 4
3 3 0 0.0004 3 6 2 5 -~T-- 3 9 2 7 0.0008 2
3 3 1 0.0004 4 6 3 3 0.0015 3 9 2 8 0.0084 2
4 0 4 00006 5 6 3 4 0.0022 3 10 0 10 0.0020 3
4 1 3 0.0009 7 6 4 2 0.0010 2 10 3 7 00013 2
4 1 4 00016 6 6 4 3 0.0008 2 10 3 8 0.0018 2
4 2 2 00013 8 6 S5 1 0.0008 3 10 4 7 00013 3
4 2 3 0.0018 6 6 5§ 2 0.0008 3 11 1 10 0.0010 3
4 3 1 0.0006 3 7 0 17 0.0002* 2 11 3 9 0.0008 2
4 3 2 00007 4 7 1 6 0.0001* 7 12 1 12 0.0097 2
4 4 0 0.0007 3 7 1 7 0.0002 4

4 4 1 0.0007 3 7 2 5 0.0002* 4

s 0 S5 00005 S 7 3 4 0.0019 2

* Indicates peaks appear as a singlet in the spectrum. Splitting was determined by

using two gaussians, FWHM equal to that of a single peak of a doublet and finding the
spacing required such that the FWHM of their sum equalled the FWHM of this singlet.

--T-- Indicates multiplet appears as a triplet.
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